Background: To understand the underlying control of patterns of important wood properties is fundamental to silvicultural control of wood quality and genetic selection. This study examines the influences of site, silviculture and seedlot on diameter growth, wood density and estimated wood stiffness in mid-rotation radiata pine (Pinus radiata D Don) stands across New Zealand.
Background
Variation in wood characteristics within and between trees is affected by a number of factors including tree age (cambial ageing), environment (site and climate) and genetics (Downes and Drew 2008; Larson 1969; Zobel and Sprague 1998) . Some of these factors, such as the choice of genetic material and tree spacing, can be manipulated by silviculturalists to achieve desired woodquality outcomes. Understanding environmental impacts on wood quality is also important, so that silvicultural regimes targeting particular end products can be developed for different sites. Several studies have documented the influence of site and climatic conditions on the growth and wood properties of radiata pine (Pinus radiata D. Don) (e.g. Cown et al. 1991; Palmer et al. 2013 ), which is the major commercial forestry species in New Zealand (Ministry for Primary Industries 2013). Maps representing spatial variation in wood density of radiata pine in New Zealand have been developed, classifying the country into distinct zones (Cown et al. 1991; Palmer et al. 2013) , primarily related to mean annual temperature.
The effects of silviculture and genetics on wood properties, particularly density, are often assumed to be a consequence of their impacts on radial growth rates. In radiata pine, as in many other softwood species, there is an adverse correlation between tree growth rate and wood density (Burdon and Harris 1973) . Trees grown at wider spacing generally have lower wood density compared with those grown at closer spacing (Cown 1974) while differences have also been observed in other properties such as modulus of elasticity and microfibril angle (Lasserre et al. 2009; Watt et al. 2011) . Wood-quality variation in radiata pine has been less studied from a genetic aspect, but most properties have been shown to be both highly variable and highly heritable Kumar and Burdon 2010) . From a forestmanagement perspective, the combination of using faster growing genetically improved stock and the move to shorter rotation lengths, has placed emphasis on the resultant quality of the central core of juvenile wood (Burdon et al. 2004; Cown 1992; Lasserre et al. 2009 ) as the trees grown under these conditions will have a higher proportion of juvenile wood.
Much of the earlier research into wood-property variation in radiata pine, and other species, focused on density due its relative ease of measurement and correlation with other wood properties (Cown et al. 2002) . However, modulus of elasticity is an important wood property that affects the performance of timber in structural applications. It is related to both density and microfibril angle, and can be estimated using stresswave non-destructive techniques (Ross and Pellerin 1988) . Recent advances in portable acoustic tools have provided the ability to investigate variation of estimated wood stiffness (modulus of elasticity) in standing trees and logs (Wang 2013; Wang et al. 2001) . While standing-tree velocity measurements are not as well correlated with the stiffness of the resulting sawn timber as resonance measurements made on logs (Wang 2013) , they can be applied to young trees, which permit more rapid assessment of the combined effects of silviculture and genetics early in the life of a stand. For example, Lasserre et al. (2005) found that both stand density and genotype significantly influenced the estimated stiffness of 11-year-old radiata pine clones established at initial stand densities ranging from 833 up to 2500 stems ha −1
. They also noted a positive correlation between stiffness and stand density, independent of genotype. Conversely, in a 27-year-old radiata pine experiment established at 625 stems ha −1 , which had some plots thinned to 100 stems ha −1 at mid-rotation, Grabianowski et al. (2004) found large tree-to-tree differences in estimated wood stiffness but no significant effect of stand density, despite a large contrast in stem diameter.
The interactions of the various influences on wood formation and properties remain an important aspect of radiata pine forestry. In particular, understanding the underlying control of patterns of important wood properties is fundamental to silvicultural control of wood quality. Using data from a national series of experiments, the main objective of the present study was to quantify site, silvicultural and seedlot (genetic) influences on diameter growth, wood density and estimated wood stiffness in mid-rotation radiata pine stands across New Zealand.
Methods

Experimental design
The study was based on a subset of sites and treatment combinations from a series of experiments that were established in 1987 to investigate the interaction of silviculture and genetics on growth of radiata pine. The design of these experiments is described in more detail by Carson et al. (1999b) , who also presented some preliminary analysis results showing the relative effects of site, silviculture and genetics on stand basal area, height, and volume at age eight years (i.e. at approximately one-third rotation). These early analyses showed large site-level differences in height, basal area and volume compared with seedlot differences. In this study, five installations (sites) of the experiment were sampled that covered a range of climatic and soil conditions, and had contrasting site indices (Table 1; Figure 1 ). Three of these installations (Woodhill, Kaingaroa, Tahorakuri) were established on former forest sites, while the other two (Glengarry, Otago Coast) were established on ex-farm sites. At each of these installations, three silvicultural 4 Relative to sites in the same region.
treatments were sampled (Table 2 ), in combination with three seedlots, representing high growth rate, stem straightness and a range of branching habits (Table 3 ). The three seedlots that were genetically improved for growth rate and stem form had not undergone direct selection for wood properties, so were not expected to differ greatly from one another for wood properties. However, selection for improved growth rate may have indirectly and unconsciously 'selected' for reduced wood density in these seedlots when compared to unimproved seedlots, due to the negative genetic correlation between wood density and diameter growth rate (Burdon 2010) . Seedlot 1 was rated by the New Zealand Seed Certification Service as GF14 (Jayawickrama and Carson 2000) , seedlot 2 was rated as GF21. The GF rating system was developed to enable genetic quality of alternative seedlots to be differentiated, and was based on a onethird weighting for stem form and a two-thirds weighting for growth rate, where a higher number reflects a higher level of genetic improvement. The GF14 seedlot contained seed collected from an open-pollinated clonal seed orchard, whereas the GF21 seedlot was produced by controlled-pollination among several seed orchard parents. Seedlot 3 was rated as GF13, and was the result of controlled pollination among parents selected primarily for exceptionally long internodes as well as increased growth. This third seedlot represents a 'long internode' breed and is also given a long internode (LI) rating of LI28. Ratings of genetic worth reported in Table 3 also include the more recently derived GF Plus ratings for the seedlots used in this study. As distinct from the GF ratings, GF Plus ratings are allocated by individual trait, but they are similar with respect to the convention that higher values represent greater genetic improvement.
Plots within the experiment were established at stand densities ranging from 250 to 1000 stems ha −1 . However, at three of the sites (Woodhill, Tahorakuri and Glengarry) the most widely spaced treatments were established at 500 stems ha
. Plot sizes ranged from 0.081 ha up to 0.324 ha (including buffers) with the inner plot sizes (that included the measurement trees) ranging in size from 0.049 ha up to 0.196 ha (Table 2) . When the mean tree height reached 6.2 m, plots were thinned to stand densities ranging from 100 to 400 stems ha −1
. This gave a ratio of pre-to postthinning stand density of 5:2. Trees were also pruned at this time to leave approximately 4 m of green crown remaining. This corresponded to a pruned height of approximately 2.2 m; typically radiata pine is pruned to a height of 6 m in three lifts, so the intensity of pruning in this experiment is less than would occur in practice. In one treatment (500 stems ha −1 ), plots were not thinned or pruned and were left at their initial stand density of 500 stems ha
. Each treatment combination was replicated twice at each site. One replicate from four treatment combinations could not be sampled (GF13 and GF14 100 stems ha −1 at Otago Coast, GF14 400 and 500 stems ha
at Tahorakuri), so that a total of 86 plots were sampled. Number of trees in inner permanent sample plot before thinning.
Growth and wood properties assessment
At age 17 years after planting (i.e. approximately half to two-thirds of the typical rotation length for radiata pine in New Zealand), ten trees were selected at random from each treatment plot and their diameter at breast height (DBH) measured. Stress-wave velocity measurements were made on each tree using the IML Hammer (Instrumenta Mechanic Labor GmbH, Germany). Two sets of measurements were made on the north and south sides of each tree. These measurements were centred about breast height (1.4 m) and the probes of the instrument were spaced approximately 1 m apart along the longitudinal axis of the stem. These two measurements were averaged to give a single value for each tree. An outerwood increment core (5 mm in diameter) was collected at breast height from each tree. This core contained the five outermost annual rings (approximately 50 mm in length) and is the standard density sample collected from standing trees in New Zealand (Cown and McConchie 1983) . For trees with any obvious lean, cores were collected on the upper stem-side in order to avoid compression wood. In some plots it was not possible to collect cores from all ten trees and, therefore, a total of 854 of core samples were collected. All individual outerwood segments were assessed for basic density (kg m −3
) using the maximum moisture content method (Smith 1954 ) without resin extraction.
Data analysis
Average values by site, silviculture, and seedlot were calculated for all measured traits. A variance-components analysis was conducted to determine how much variation was associated with each stratum in the experiment, i.e. site, replicate within site, plot within replicate and tree within plot. Analyses of variance were then used to examine the differences in trait expression assuming a randomised complete block structure. For each trait, analyses were carried out for all sites following the same approach described in Carson et al. (1999b) . Sources of variation included main effects of site, replication within site, silviculture, and seedlot. Interaction effects of site by silviculture, site by seedlot, silviculture by seedlot, and the three-way interaction were also included. Site and replication within site were treated as random effects, while seedlot and silviculture were treated as fixed effects. Seedlot was tested against the site by seedlot interaction, and silviculture against the site by silviculture interaction. Analyses of growth traits were based on all trees in a treatment, rather than just the sample selected for wood properties assessment. For the 100 and 400 stems ha
treatments, approximately 20 trees were assessed for growth, while approximately 49 were assessed in the 500 stems ha −1 treatment. Simple correlation analysis was also used to test for potential relationships between outerwood density and stress-wave velocity, and between radial growth rate and both outerwood density and stress-wave velocity.
Results
The greatest single source of variation in outwerwood density and stress-wave velocity was differences among individual trees within a plot, followed by differences among sites (Table 4) . Differences among treatments accounted for 13.4 and 26.1 % of the variation in outerwood density and stress-wave velocity, respectively. The greatest source of variation in DBH was the difference among treatment plots, followed by the difference among trees within a plot and then site. At each of the five individual sites, there was more variation in DBH and stress-wave velocity among silvicultural treatments than among seedlots, while the converse situation was observed for outerwood density (Figure 2 ).
Site-level differences
The five sites assessed represented a range of performance for growth and wood properties (Table 5) . Site mean DBH and outerwood density showed a relatively large range, from 366 (Kaingaroa) to 475 mm (Glengarry) for DBH and 375 (Kaingaroa) to 451 kg m −3 (Woodhill) for outerwood density. Outerwood density values showed a strong regional trend with increasing latitude (and elevation). Site mean stress-wave velocity ranged from 2035 m s −1 (Otago Coast) to 2487 m s −1 (Woodhill). Site differences were highly significant for all traits assessed (Table 6 ).
Differences among silvicultural treatments
In the thinned treatments there was a clear trend of decreasing DBH with increasing stand density (Table 5; Figure 3 ). However, the un-pruned, un-thinned 500 stems ha −1 treatment did not adhere to this trend. Overall they had the same mean DBH as the 400 stems ha −1 treatment, although differences were observed at some sites, i.e. Glengarry, Kaingaroa and Tahorakuri (Figure 3) . Stress wave velocity increased as stand density increased from 100 stems ha −1 up to 400 stems ha −1 (Table 5) . Again, the un-pruned, un-thinned 500 stems ha −1 treatment did not appear to adhere to this trend, yielding on average a slightly lower velocity even than for the 100 stems ha −1 treatment. This trend was consistent across each of the five sites (Figure 3) . Outerwood density was also significantly different among silvicultural treatments, but the effect was not as strong as for DBH (Table 6 ). In the treatments that had been thinned, there was a trend at all sites for higher stocked stands to have higher densities in the outerwood but not for the un-thinned controls (Figure 3 ).
Differences among seedlots
There were small differences in DBH among seedlots with GF13 (LI28) trees having a smaller mean diameter than those from the G14 and GF21 seedlots (Table 5 ). There was a significant site × seedlot interaction on DBH (Table 6 ). Stress-wave velocity also differed among seedlots. Across all sites and silvicultural regimes the GF21 seedlot had the highest average stress-wave velocity (2288 m s ). There was a small site × seedlot interaction, with GF13 having the highest stress-wave velocity at the Kaingaroa and Tahorakuri sites (Figure 4 ). Outerwood density also differed significantly between seedlots (Tables 5 and 6 ). The long internode (LI28) GF13 seedlot consistently had the highest outerwood density on all sites, and the GF14 The values of diameter at breast are given for all trees in the plot as well as those selected for measurement of wood properties (in parentheses).
seedlot almost always had the lowest (Table 5 , Figure 4 ). There was no evidence of a site × seedlot interaction for outerwood density, or a silviculture × seedlot interaction for any of the traits assessed (Table 6 ).
Inter-relationships between growth and wood quality traits
The correlation between wood density in the outer five rings and stress-wave velocity was highly significant (r = 0.29-0.61 across individual sites and 0.52 across all sites combined). The correlation was strongest at the Tahorakuri site, but much weaker at both the Kaingaroa and Woodhill sites ( Figure 5 ). Across the experiment as a whole, there were weak negative relationships between average ring width and both stress-wave velocity (r = −0.29) ( Figure 5 ) and outerwood density (r = −0.29) (Figure 6 ). The correlation between ring width and outerwood density appeared to be less pronounced in the 100 stems ha −1 treatment, compared with the 400 and 500 stems ha −1 treatments ( Figure 6 ).
Discussion
Significant differences among sites, silvicultural regimes, and seedlots were observed for all growth and wood property traits assessed in this experiment. It should be remembered in all of the following discussion that wood properties were measured only in the lower stem where wood property responses to external influences tend to be at a maximum (Cown 1973 (Cown , 1974 . Across the experiment as a whole, both site and silviculture had the greatest effects on DBH and wood properties. Most of the results conformed to expectations, i.e. a reduction in wood density with latitude and elevation, driven by mean annual temperature (Palmer et al. 2013) , and increasing outerwood density and stress-wave velocity in higher stocked stands. This increase in wood density and stress-wave velocity with increasing stand density has previously been reported in radiata pine (Grace and Evans 2012; Waghorn et al. 2007; Watt et al. 2011) , but is in contrast to another study in young radiata pine which found no effect of stand density (across a range from 833 to 2500 stems ha −1 ) on wood density (Lasserre et al. 2009 ).
For DBH and stress-wave velocity, the un-pruned, un-thinned 500 stems ha −1 treatment did not appear to conform to the trends observed with stand density. This same lack of fit to the trend was observed at all six sites when growth data initially collected eight years from planting were analysed (Carson et al. 1999b) . Results from the current study indicate that stand density manipulation interacts with pruning to affect wood properties as similar values of outerwood density were observed in the 400 and 500 stems ha −1 treatments. Previously, it has been suggested that pruning may increase wood density (Cown 1973; Gartner et al. 2003) , in line with the concept of "crown-formed" wood (Amarasekara and Denne 2002; Gartner et al. 2002) , whereby wood laid down within an active crown retains the characteristic properties of juvenile wood (i.e. wide growth rings, low wood density, high microfibril angle). It is clear that, apart from affecting intrinsic wood properties directly, factors that result in accelerated growth such as thinning or genetic improvement in particular could increase the actual volume of juvenile wood in stems (Cown 1974; Kennedy et al. 2013 ). This increase in the proportional size of the juvenile wood core is probably more significant for log utilisation than the quantitative changes to individual wood properties (Cown 1992) . The overall strong trend between stress-wave velocity (assumed to be only estimating the stiffness of the outerwood) and stand density implies a solid relationship between the latter and timber stiffness, in line with results from other studies (Lasserre et al. 2005; Watt et al. 2010) . The current results, however, do not support the findings from another study in New Zealand (Grabianowski et al. 2004) or the results from a mature spacing study in Chile (Soto et al. 2012) which concluded that initial stand density (2500, 1667, 833 and 625 stems ha −1 across four sites) did not influence stress-wave velocity. This raises the possibility that site type may have an influence on silvicultural response. The apparently anomalous result for the un-pruned treatment also requires comment. While the outerwood density values showed a fairly clear trend with stand density, the un-pruned, un-thinned 500 stems ha −1 treatment had consistently and significantly lower stress-wave velocity readings that were similar to the values in the 100 stems ha −1 treatment. Published studies to date suggest that the influence of branches on stress-wave velocity measurements should be insignificant, or at best minimal. For example, Lasserre et al. (2007) have indicated a 6-8 % decrease in stress-wave velocity due to the presence of branches, which would assist in interpreting the results, but Auty and Achim (2008) have demonstrated little effect of branches on these readings. In the current study, a likely explanation is that the greater crown area has resulted in a higher proportion of "crown-formed" wood with lower basic wood density and higher moisture content (and hence, higher green density). Green density in combination with stresswave velocity is used to calculate longitudinal modulus Figure 5 Relationship between breast height outerwood density and stress-wave velocity in individual trees. Data are presented for each site × silviculture combination and the solid line was fitted using a locally weighted smoothing function (lowess).
of elasticity. If green density is higher than the value of 1000 kg m −3 that is frequently assumed, then wood stiffness will be underestimated for a given stress-wave velocity (Wang 2013; Wang et al. 2001 ).
The original experiment on which the current study is based was designed to estimate site and silvicultural impacts on commercially available seedlots (to elicit realised genetic gain), rather than for comparison of seedlots per se. In general, these large-plot trials (8 × 8 trees) have a low power for detecting seedlot differences, due to the large amount of site variance typically confounding genetic differences (Carson et al. 1999a ). For ranking genotypes, breeders typically use single-tree-plot designs, in which genetic differences are detected with much greater precision, especially for traits like DBH that are highly influenced by the environment (Carson et al. 1999b ). In addition, only a subset of plots and trees within these plots were sampled in the current study, which would have further reduced the power to detect differences between seedlots. Despite this, significant (although not highly so) differences were observed between the seedlots examined in this study for all the growth and wood quality traits that were assessed. Genetic differences have been repeatedly shown to be highly significant in single-tree progeny trials that breeders use for selection for DBH, wood density, stress-wave velocity, and straightness (Dungey et al. 2009 ). The seedlots in this experiment were chosen to be genetically different in growth and straightness, but were not chosen to be genetically different in either wood density or stress-wave velocity. However, consistent and relatively large differences in density were noted, even with this less powerful design. In particular, the longinternode (LI28) GF13 seedlot consistently had the highest and the GF14 seedlot the lowest wood density. The GF14 seedlot also had the lowest stress-wave velocity, but the only significant difference was with the GF21 seedlot. Other studies comparing seedlots, families and/or clones confirm that there are large genetic differences in stresswave velocity (Chauhan et al. 2013; Lenz et al. 2013) . Across the trial as a whole, there was a consistent but weak negative relationship between radial growth and stress-wave velocity. In previous radiata pine studies there are conflicting results, with some reporting a strong relationship (Lasserre et al. 2005; Watt et al. 2011) and others reporting no effect (Grabianowski et al. 2004; Soto et al. 2012) . In this study there was no indication of a strong site effect on this relationship. On the other hand, many previous studies have proven a negative relationship between wood density and growth rate in conifers (e.g. Brazier 1970; Cown et al. 1991; Johansson 1993; Yang 1994; Zhang et al. 2002) . The current study again confirmed a weak negative correlation for radiata pine across sites, treatments and seedlots, notwithstanding the possible existence of an associated negative genetic correlation, which could not be tested in this study. The difference in response between wood density and stresswave velocity (both related to wood stiffness) can be attributed to the fact that the two measures, while both taken at breast height, actually represent slightly different samples of the stem-wood. Outerwood increment cores are a biological sample incorporating the most recent five growth rings whereas stress-wave values represent a portion of the outer sapwood, approximately 50 mm in thickness ). These assessments are not necessarily sampling the same wood, particularly since the stress-wave value can be influenced by moisture content and the presence of reaction wood (Paradis and Murphy 2013) .
Conclusion
In conclusion, results from this study support previous research which indicates that thinning, and to a lesser extent pruning, have a strong impact on DBH, stresswave velocity and outerwood density. Increasing stand density is consistently associated with stiffer and denser outerwood. Models for predicting wood properties, specifically stress-wave velocity and wood density, also require stand density to be taken into account. Ideally, seedlot information should also be included in predictive growth and wood quality models, as even with the limited data collected in the current study, the seedlots registered some significant effects. Both stress-wave velocity and wood density were found to be highly sensitive to site, silviculture and seedlot influences, and these traits could potentially be used together to identify material which has both high density and high stress-wave velocity.
The results presented here were obtained by sampling a subset of the treatments at five of the six sites in this experiment. The experiment is now reaching maturity and this presents an opportunity to undertake intensive measurements to determine the effects of the various treatment factors on both the wood properties of the trees and performance of the timber cut from them. This will provide important information to forest managers who are trying to maximise their financial returns by maximising the volume of fit-for-purpose timber they grow. Ideally, all treatment combinations should be sampled as they cover a wider range of stand densities and would also enable pruned and un-pruned stands growing at the same stand density to be compared.
